Abstract One of the most promising outcomes of whole-exome sequencing (WES) is the alteration of medical management following an accurate diagnosis in patients with previously unresolved disorders. Although case reports of targeted therapies resulting from WES have been published, there are few reports with long-term follow-up that confirm a sustained therapeutic response. Following a diagnosis by WES of BrownVialetto-Van Laere Syndrome 2 (BVVLS2), high-dose riboflavin therapy was instituted in a 20-mo-old child. An immediate clinical response with stabilization of signs and symptoms was noted over the first 2-4 wk. Subsequent clinical follow-up over the following 8 mo demonstrates not just stabilization, but continuing and sustained improvements in all manifestations of this usually fatal condition, which generally includes worsening motor weakness, sensory ataxia, hearing, and vision impairments. This case emphasizes that early application of WES can transform patient care, enabling therapy that in addition to being lifesaving can sometimes reverse the disabling disease processes in a progressive condition.
INTRODUCTION
Brown-Vialetto-Van Laere syndrome (BVVLS) is a rare and relentlessly progressive neurological disorder, recently identified to be caused by homozygous or compound heterozygous mutations in SLC52A2 and SLC52A3, which encode riboflavin transporter proteins (Green et al. 2010; Johnson et al. 2012) . SLC52A2 mutations cause subtype BVVLS2, the cardinal features of which are pontobulbar paralysis resulting in motor weakness and sensory ataxia, sensorineural hearing loss and visual abnormalities due to optic atrophy (Foley et al. 2014) . 8 These authors contributed equally to this work.
The age of onset in BVVLS2 varies from infancy to late in the first decade, with progressively worsening symptoms culminating in respiratory insufficiency and death in a few years. By identifying the underlying pathogenic mechanism involved (i.e., reduced transmembrane transport of riboflavin), high-dose riboflavin therapy has been preliminarily reported to result in improvements in the clinical manifestations (Bosch et al. 2012; Foley et al. 2014) .
In our previous report (Petrovski et al. 2015) we describe the detection of two SLC52A2 loss-of-function variants in a 20-mo-old girl initially presented with nystagmus and ataxia, followed by the development of flaccid paralysis of the upper arms and weakness of the neck muscles. The diagnosis of BVVLS2 was made within 5 mo of her first symptoms. Riboflavin therapy was instituted immediately upon diagnosis as she was worsening with the development of frequent drooling of saliva and difficulty swallowing. We present in this report the clinical progression of the signs and symptoms over the course of the next 9 mo of therapy with riboflavin, conclusively demonstrating dramatic and continuing improvements in all aspects of the manifestations of this otherwise devastating disorder.
RESULTS

Treatment Outcomes
Immediately following the diagnosis, even as CLIA confirmation of the SLC52A2 mutations was pending, we obtained approval of the institutional review board (IRB) at Duke University Medical Center to commence high-dose riboflavin on this patient. This decision was based on the child's rapid neurological deterioration, the fact that a specific treatment for the condition was available and that this treatment (high-dose riboflavin) was not associated with significant toxicity or side effects. After a discussion with the IRB chairwoman and approval of an amendment, we communicated the results to the parents and started treatment within 72 h of making the diagnosis. Three weeks later, the variants were indeed confirmed by a CLIAcertified laboratory.
Beginning with 10 mg/kg/d, the prescription was titrated up to the current dose of 70 mg/kg/d over 8 wk. Because of the unusually high doses that are being administered, liver and kidney functions are continuing to be closely monitored. Coenzyme Q10 was added 2 mo after diagnosis at a dose of 10 mg/kg/d, with the intention of presumptively decreasing oxidative stress related to cellular riboflavin deficiency.
The patient has been evaluated in our outpatient clinics every month since the diagnosis by multiple specialists involved in her care. Her progress is charted from the objective findings during these visits, with follow-up assessments by the clinical geneticist, neuro-ophthalmologist, physical therapist, audiologist, and the pediatric neurologists.
Visual Manifestations
Nystagmus had been the first presenting symptom in our patient at age 15 mo. An eye examination and an electroretinogram (ERG) at that time showed a seesaw nystagmus, pale optic nerves suggestive of atrophy and rod-cone dystrophy. Repeat eye examination 6 mo later showed an improvement in the nystagmus and in the optic nerve appearance, with a visual acuity of 20/300. She is currently recognizing colors as appropriate for her age. An ERG has not been repeated because of concerns with sedation.
Hearing
Our patient has not had any clinical indication of a hearing impairment (bilateral sensorineural hearing loss is commonly seen in young children with BVVLS2, with onset age ∼2 yr). She has been uncooperative with behavioral audiometry, but has had normal otoacoustic emissions at the time of diagnosis and 7 mo later. Auditory brainstem evoked response (ABR) testing has not been conducted, because of respiratory concerns related to sedation for the procedure. Speech development has been normal throughout.
Motor Weakness
At the time of diagnosis, the patient had flaccid paralysis of both upper extremities (Power 0-I/VI), a head tilt to the right, frequent drooling and difficulty in swallowing of solids. Muscle mass was normal, with no evidence of wasting. In addition to the immediate improvements in drooling, swallowing, and head tilt that were seen in the first 4 wk (described in Petrovski et al. 2015) , she has continued to make steady gains in muscle strength. A month after initiation of treatment, she was noticed to have flexion at both elbows (Power II/VI), and minimal movements of her fingers (Power I/VI) (Supplemental Video 1) with still no movement at the shoulders (Power 0/VI). A swallow study at that time showed no abnormalities. Four months after initiation of therapy there was still no movement at the shoulders (Power 0/VI). Frequent flexion of the forearms to >90°was observed (Power III/VI) and she was able to grasp objects with some effort (Power II/VI). At 8 mo posttherapy, remarkably, she was able to abduct her upper arms and reach up with her arms outstretched in the air (Power III/VI), twirling both hands (Supplemental Video 2). She had improved flexion at the elbows (Power IV/VI). She was able to pick up and stack four blocks at a time, was able to turn pages in a book and scribble with a pen (Power III/VI). For the first time since the onset of symptoms, knee deep tendon reflexes were elicited, indicative of an improvement in both the sensory and motor axons involved in the reflex arc.
A pretreatment evaluation by a pulmonologist could not be obtained, because of the need to immediately start therapy; 4 mo later, she was found to have a weak cough and a low vital capacity at 51% of normal, because of weakness of the diaphragm. However, historically, the cough had gotten stronger during this period. Throughout the 9-mo period, the patient's cognitive and social developmental milestones have progressed normally.
Sensory Ataxia
Before treatment, the patient had an ataxic gait with frequent falls. A month after beginning treatment, the gait had not shown improvements. At 4 mo, the gait was still abnormal, but much steadier than before, indicative of an improvement in the sensory ataxia. At 8 mo, there was minimal unsteadiness and she was able to almost run. DISCUSSION BVVLS2 is a rare example of a neurodegenerative disorder for which a specific therapy has become available after it was discovered that the disease mechanism was due to loss of function in both copies of a riboflavin transporter gene. Foley et al. (2014) described the preliminary response to riboflavin therapy in 16 patients with BVVLS2 who had been diagnosed from 6 mo to several years after onset of symptoms. Improvements in muscle strength were evident in most; improvements in visual evoked potentials and audiometry were demonstrated in one patient. Our patient, the earliest to be treated with riboflavin supplementation after disease onset, has shown a remarkable recovery of muscle strength, improvements in the sensory ataxia and in the ophthalmological findings, with improvements continuing to occur 9 mo after the initiation of treatment. Her hearing has remained normal at an age where it would be expected to be impaired, raising the possibility that the high-dose riboflavin therapy may have forestalled the development of a cardinal manifestation of the disorder. Concerns about sedation precluded us from obtaining serial ERG and ABR to monitor her recovery. Because of the discomfort involved and the lack of patient cooperation, we were also unable to obtain an electromyogram/nerve conduction study or detailed pulmonary function tests. Nonetheless, we have incontrovertible evidence demonstrating the remarkable improvements in all areas that were affected prior to treatment.
To our knowledge, our patient is the earliest to be diagnosed with BVVLS2, within 5 mo of onset of symptoms. This early diagnosis made possible by WES enabled the rapid institution of therapy at a critical juncture when she was rapidly deteriorating and also about to receive chemotherapy for a presumed autoimmune encephalopathy. Such early diagnosis has the potential to result in optimal response to riboflavin therapy, likely to be due to the fact that the axonal neuropathy that underlies BVVLS2 is treated before it becomes far advanced, resulting in muscle atrophy. The remarkable recovery of neurological function in our patient is also likely to be related to the very high dose of riboflavin recommended by Dr. A. Reghan Foley, Neuromuscular and Neurogenetic Disorders of Childhood Section, National Institute of Neurological Disorders and Stroke, National Institutes of Health, who shared via personal communication recovery in another BVVLS patient on such a high dose. The exact mechanism by which the high dose crosses over into the cell remains unclear; it is thought that in addition to the overdriving of the other riboflavin transporters encoded by SLC52A3 and SLC52A1, there could also be passive diffusion of the riboflavin into the cells.
Thus far, although reports in the literature have highlighted the potential of WES to change clinical management in the individual patient (Bainbridge et al. 2011; Worthey et al. 2011; Bearden et al. 2014; Fan et al. 2014; Romberg et al. 2014) , it is difficult to determine if the benefit is sustained, continually improving or plateauing or if the response was similar in other patients. In our own experience, response to a targeted therapy based on mutations in a specific gene may differ between patients, as was the case in the varying response to quinidine in two of our patients with KCNT1-related epilepsy, compared with a reported case in the literature wherein a dramatic decrease in seizures was noted (Bearden et al. 2014) . Factors such as the type of mutation, the length of time that has elapsed before diagnosis and differences in the pharmacodynamics from one patient to the other may influence the therapeutic response in such cases. It is unclear if there would be variability in the degree of responsiveness to riboflavin in other children living with BVVLS2, but we infer from our patient that when a therapeutic response is seen immediately, there is continued improvement with ongoing therapy and that early diagnosis soon after the onset of symptoms may have a role in this favorable therapeutic response.
In conclusion, our follow-up report illustrates the power of WES in enabling a lifesaving and quality of life-improving therapy in a child who otherwise is expected to have had progressive worsening of the disease, potentially resulting in death. She now has the realistic possibility of fully regaining her muscle strength, balance, and vision and leading a productive life, with continued riboflavin therapy.
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